Background: UDP-galactose (UGT) and UDP-N-acetylglucosamine (NGT) transporters and mannoside acetylglucosaminyltransferases (Mgats) are important mediators of N-linked protein glycosylation. Results: UGT and NGT are in close proximity to Mgats. Conclusion: UGT, NGT and Mgats may form multiprotein complexes mediating biosynthesis of N-glycans. Significance: Protein-protein interactions between Golgi-resident nucleotide sugar transporters and glycosyltransferases appears to be an inherent feature of N-linked glycosylation.
Glycosylation of macromolecules plays an essential role in the growth and development of eukaryotes, as well as in hostpathogen interactions. This protein post-translational modification increases solubility and structural stability, protects against proteolysis, and assists in protein folding. It also plays a crucial role in the immune response, cell-cell and cell-extracellular matrix recognition, and selective protein targeting (1) . The glycan moiety is synthesized and modified by glycosyltransferases acting in the lumen of the endoplasmic reticulum (ER) 3 and Golgi apparatus. Substrates required in the glycosylation process are sugars activated by the addition of CMP, GDP, or UDP. Nucleotide sugars are synthesized in the cytosol (2), except for CMP-sialic acid, which is the only nucleotide sugar synthesized in the nucleus (3) . To be delivered into the ER and Golgi lumen, where glycosylation occurs, they need to be transferred across membranes of these organelles. Nucleotide sugar transporters (NSTs) play an essential role in this process (4, 5) . It has been proposed that they act as antiporters, exchanging nucleotide sugar with the corresponding nucleoside monophosphate, which is a product of the glycosylation reaction (6) .
NSTs are hydrophobic proteins with molecular masses of 30 -45 kDa. It is predicted that they belong to type III multitransmembrane proteins, with an even number of transmembrane domains and both N and C termini facing the cytosol. The topology of murine CMP-sialic acid transporter has been experimentally determined. This protein has 10 transmem-brane domains and both N and C termini on the cytosolic side of the Golgi membrane (7) . Several studies have demonstrated that NSTs function in the form of homodimers (8 -10) or higher homooligomers (11, 12) . Recently, it has been discovered that NSTs are also able to form heterologous complexes (13) . Moreover, there are two reports on the interactions between NSTs and respective glycosyltransferases (14, 15) . However, in both cases, the results were derived from overexpression experiments.
One of the best characterized NSTs is mammalian UDP-galactose transporter (UGT; SLC35A2). In human tissues, the CHO and MDCK cell lines, two splice variants (UGT1 and UGT2) of this transporter have been identified (16 -19) . Detailed study on UDP-galactose transporter was possible because of the generation of mammalian cell lines deficient in UGT, such as MDCK cells resistant to Ricinus communis agglutinin (MDCK-RCA r ) (20) , CHO-Lec8 (21) , and Had-1 (22, 23) cells. In contrast, little is known about mammalian UDP-Nacetylglucosamine transporter (NGT; SLC35A3). This protein has been shown to be localized to the Golgi apparatus of MDCK-RCA r cells (24) and to partially correct the galactosylation defect when overexpressed in UGT-deficient mammalian cell lines (25) . Our recent studies demonstrated that NGT and UGT are able to form heterologous complexes in the Golgi membrane, and their role in glycosylation is coupled (13, 26, 27) .
Glycosyltransferases are essential in glycan moiety synthesis. Most of them are N in /C out (type II) membrane proteins with a short N-terminal cytoplasmic domain, a single membranespanning domain, and a large catalytic domain in the Golgi or ER lumen (28 -30) . The catalytic domain is linked to the transmembrane domain by the so-called "stem" region. This region is thought to mediate positioning of the catalytic part of glycosyltransferases away from the lipid bilayer, facilitating access to the substrate (31) .
Mannoside acetylglucosaminyltransferases (Mgats) are Golgi-resident glycosyltransferases that participate in the first stage of complex N-glycan biosynthesis. Mono-and diantennary glycans are formed by the action of mannosyl (␣-1,3-)glycoprotein ␤-1,2-N-acetylglucosaminyltransferase (Mgat1) and mannosyl (␣-1,6-)-glycoprotein ␤-1,2-N-acetylglucosaminyltransferase (Mgat2), whereas further branching is performed by mannosyl (␣-1,3-)-glycoprotein ␤-1,4-N-acetylglucosaminyltransferase (Mgat4) and mannosyl (␣-1,6-)-glycoprotein ␤-1,6-Nacetylglucosaminyltransferase (Mgat5), resulting in respective formation of tri-and tetraantennary structures. It is worth noting that Mgat1 and Mgat2 have been reported to display lower K m values for UDP-N-acetylglucosamine than Mgat4 and Mgat5, both of which are believed to be limited by concentrations of this nucleotide sugar (32) .
Our recent findings strongly suggest that NGT occurs in close proximity to Mgat5 (15) and NGT and UGT form heterologous complexes in the Golgi membrane (13) . Based on our previous observations, we aimed to investigate whether these NSTs interact with mannoside acetylglucosaminyltransferases mediating N-glycan biosynthesis, i.e. Mgat1, Mgat2, Mgat4B, and Mgat5.
Experimental Procedures
Construction of Expression Plasmids-Plasmids designed and constructed or used in this study are listed in Table 1 . Detailed information regarding sequences of primers, sequences of prepared constructs, and the cloning strategy is available upon request.
Cell Maintenance and Transfection-For the in situ proximity ligation assay (PLA) with antibodies against endogenous proteins, PC-3 cells were grown in DMEM supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. For PLA experiments employing overexpressed proteins, MDCK-RCA r cells were grown and stably transfected with plasmids enabling expression of FLAG-tagged Mgats as described previously (24) . Stable transfectants expressing either Mgat1, Mgat2, Mgat4B, or Mgat5 were selected in complete medium containing 600 g/ml G-418 sulfate (InvivoGen). Afterward, cells expressing one of the listed Mgats were transiently transfected with pSelect plasmid encoding a sequence of either NGT, UGT1, or UGT2. PLA analyses were conducted 48 h after transfection.
As positive and negative PLA controls, MDCK-RCA r cells stably transfected with plasmids enabling expression of either FLAG-tagged UGT2 (positive control) or FLAGtagged SLC35B4 (negative control) were employed (24) . Cells expressing FLAG-SLC35B4 were co-transfected with pSelect expression plasmids as described above.
TABLE 1 List of expression plasmids used in this study

Plasmid name
Original vector Insert Reference 
SLC35A2 and SLC35A3 Form Complexes with Mgats
For FLIM-FRET experiments, HEK293T cells were grown in DMEM supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin and transiently transfected with expression plasmid(s) as described previously (15) . FLIM-FRET analysis was performed 48 h after transfection.
In Situ Proximity Ligation Assay-PLA experiments were performed using Duolink reagents according to the original protocol (Sigma-Aldrich). Briefly, MDCK-RCA r cells stably transfected with plasmids enabling expression of one of the analyzed Mgats or SLC35B4 in fusion with the FLAG epitope were grown on 8-well microscope slides (Merck Millipore) for 2 days after transient transfection with the pSelect plasmid encoding the UDP-sugar transporter (either NGT, UGT1, or UGT2) in fusion with HA peptide. Alternatively, for PLA analysis using antibodies targeting endogenous proteins, PC-3 cells were seeded on 8-well microscope slides and grown for 2 days. Afterward, cells were fixed with 4% (v/v) paraformaldehyde solution in PBS for 20 min at room temperature and permeabilized for 5 min using 0.1% (v/v) Triton X-100 in PBS at room temperature. Nonspecific binding sites were blocked with 10% (v/v) normal goat serum in PBS for 1 h at room temperature. After blocking, slides were incubated for 2 h with an appropriate pair of mouse and rabbit primary antibodies ( Table 2) at 37°C. Then cells were incubated with anti-mouse PLA probe MINUS and anti-rabbit PLA probe PLUS (both diluted 1:5 in 10% (v/v) normal goat serum) for 1 h at 37°C. Between all these steps, slides were washed with PBS three times for 5 min. After incubation with PLA probes, cells were washed twice with 1ϫ concentrated buffer A for 5 min and incubated with ligation solution for 30 min at 37°C. Subsequently, slides were washed twice with 1ϫ concentrated buffer A for 2 min and incubated with amplification solution (detection reagent Orange containing fluorophore characterized by excitation maximum of 554 nm and emission maximum of 576 nm was employed) for 100 min at 37°C. Ultimately, cells were washed twice with 1ϫ concentrated buffer B for 10 min and once with 0.01ϫ concentrated buffer B for 1 min, mounted onto glass coverslips using Duolink in situ mounting medium with DAPI, and examined with a ZEISS LSM 510 confocal microscope.
Alternatively, as a PLA-positive control, we used cells overexpressing UGT2 with the N-terminally fused FLAG epitope. After blocking, cells were incubated with epitope-specific mouse monoclonal antibody and rabbit polyclonal antibodies raised against the C-terminal part of SLC35A2 ( Table 2 ). The rest of the experimental procedure remained unchanged.
Confocal and Fluorescence Lifetime Imaging Microscopy-
Confocal and FLIM microscopy were performed as described previously (13, 15) , except that HEK293T cells were used in all experiments, and cells transiently transfected with expression plasmids listed in Table 1 were seeded onto 35-mm CELLview glass bottom dishes (Greiner Bio-One) prior to imaging. Analysis of the data received from FLIM-FRET experiments was carried out as reported previously (13) , except that a bi-exponential model was employed during data interpretation for eGFP-Mgat/mRFP-NST combinations with fixed donor lifetime values derived from control measurements (eGFP-Mgat only) as long . Mean FRET efficiency was calculated from the following equation: 1 Ϫ ( short / long ), where short symbolizes fluorescence lifetime of the interacting donor fraction (f short ), and long indicates the fluorescence lifetime of the noninteracting donor fraction.
Statistical Analysis-To analyze whether the differences in mean eGFP fluorescence lifetimes () between control measurements (eGFP-Mgat only) and investigated samples, where the acceptor was present (eGFP-MgatϩmRFP-NST), are statistically significant, one-way analysis of variance was employed. All statistical analyses were performed using GraphPad Prism software (GraphPad Prism Inc.).
Results and Discussion
The formation of homo-and heterooligomeric complexes is a common phenomenon among mammalian (33) (34) (35) and plant (36, 37) glycosyltransferases, which is believed to prevent entry into the secretory pathway, thus supporting maintenance of a definite location within the Golgi apparatus. It has been demonstrated that also NSTs have a tendency to homooligomerize. The first findings, in the late 1990s, demonstrated dimer formation by UDP-N-acetylgalactosamine transporter (10), as well as GDP-fucose transporter (9) isolated from rat liver. GDP-mannose transporter from Saccharomyces cerevisiae exhibits a similar tendency (8) . Interestingly, a homologous protein from Leishmania donovani forms hexamers (11) . Oligomeric structures have also been described for canine UGT (12) and human NGT (13) . It has been proposed that oligomerization of NSTs allows for the formation of transmembrane channels enabling import of nucleotide sugars (38) .
Recently, we found that NGT forms heterologous complexes with UGT1 and UGT2 (13) . This is the first described phenomenon of an interaction between two distinct NSTs. It has also been reported that some NSTs are able to interact with functionally related glycosyltransferases. The first finding describes an association between UDP-galactose:ceramide galactosyltransferase and UGT (14) . The second report, coming from our laboratory, showed that NGT is in close proximity to Mgat5 (15) . However, both findings refer to the experiments performed only on overexpressed proteins.
All observations mentioned above encouraged us to investigate whether other mannoside acetylglucosaminyltransferases (Mgat1, Mgat2, and Mgat4) also occur in close proximity to NGT. Based on our recent discovery of NGT/UGT heterologous complexes, we also tested whether examined Mgats are in close proximity to both UGT splice variants. Among Mgat4 isoforms, Mgat4A expression appears to be tissue-specific, whereas Mgat4B is more ubiquitously expressed (39, 40) . Our previous attempts to overexpress eGFP-tagged Mgat4A in different cell lines resulted in apparent mislocalization of the fusion protein (data not shown); therefore in this study we acknowledged Mgat4B as a more representative Mgat4 isoform.
The In Situ PLA Reveals Close Proximity between UDP-Sugar Transporters and Mgats-PLA allows one to visualize close (up to 40 nm) proximity between two proteins in fixed cells. When two proteins are in proximity, PLA probe PLUS and PLA probe MINUS are close enough to form a circular DNA structure, which can be amplified after ligation using polymerase solution.
In amplification solution, a fluorophore-tagged DNA probe is also present, whose sequence is complementary to the one being amplified; that is why the probe can bind to it, which allows one to visualize the close proximity between two investigated proteins.
First, we performed a positive control using MDCK-RCA r cells stably expressing UGT2 in N-terminal fusion with the FLAG epitope to verify whether PLA is a suitable method in our study and develop experimental procedure conditions. We used antibodies raised against the UGT C terminus together with anti-FLAG antibodies. Previously, we were able to detect close proximity between fluorescent proteins attached to the N and C termini of UGT (our unpublished data). As expected, a positive PLA signal was observed as well, thus confirming close proximity of both termini of the UGT protein and, more importantly, reliability of the PLA approach (Fig. 1) .
To examine the close proximity between endogenous Mgat1/Mgat2/Mgat4B/Mgat5 and endogenous UGT/NGT, respective antibodies listed in Table 2 were used. Simultaneously, we performed negative controls where either only one or no primary antibody was added (Fig. 2, C and D) . We found that all analyzed Mgats are in the neighborhood of both UGT ( Fig.  2A) and NGT (Fig. 2B) . Importantly, this is the first report demonstrating interactions occurring between endogenous glycosyltransferases and NSTs. However, it should be noted that the above-described experiments do not distinguish between UGT splice variants (UGT1 and UGT2). Therefore, interactions occurring between UGT1 or UGT2 and Mgats could be detected using recombinantly expressed and tagged proteins only.
MDCK-RCA r cells were stably transfected with plasmid encoding either Mgat1, Mgat2, Mgat4B, or Mgat5 in fusion with 3ϫFLAG epitope, and then clones were selected. In the next step, selected clones expressing FLAG-tagged Mgats were transiently transfected with plasmid encoding either NGT, UGT1, or UGT2 in fusion with HA peptide. Expression of UDP-sugar transporters was confirmed 24 h after transfection with immunofluorescence microscopy (data not shown). These cells were analyzed using PLA 48 h after transient transfection. We confirmed that all analyzed Mgats are in close proximity to NGT. Moreover, we found that they are in the neighborhood of both splice variants of UGT, UGT1, and UGT2 (Fig. 3, A-C) .
A procedure similar to the one described above was employed to analyze putative proximity between SLC35B4 and NGT, UGT1, and UGT2. We considered the SLC35B4/ UGT2 protein combination as a negative control because of the FLIM-negative results for this pair of proteins (15) , whereas the SLC35B4/NGT combination was used as a negative control in the co-immunoprecipitation approach (13) . Although SLC35B4 belongs to the group of proteins comprising nucleotide sugar transporters and is homologous to the transporters examined in this study (NGT, UGT1, and UGT2), PLA did not result in any positive signal in all three analyzed . D, negative control for HA-NGT and FLAG-Mgats/SLC35B4 interaction analysis, where primary antibodies were not added during the PLA procedure. E, negative control for HA-UGT1 and FLAG-Mgats/SLC35B4 interaction analysis, where primary antibodies were not added during the PLA procedure. F, negative control for HA-UGT2 and FLAG-Mgats/SLC35B4 interaction analysis, where primary antibodies were not added during the PLA procedure. G, negative control for HA-tagged UDP-sugar transporters and FLAG-Mgats/SLC35B4 interaction analysis, where MDCK-RCA r cells expressing only FLAG-Mgats/SLC35B4 were used, and anti-FLAG antibody was omitted during the PLA procedure. Bars, 20 m.
NST combinations (Fig. 3, panels A5-G5 ), suggesting that the examined interactions between other proteins did not result from overexpression artifacts and that high degree of homology, as well as common subcellular localization of those multitransmembrane proteins, are not sufficient for their occurrence in close proximity.
To confirm the obtained results, technical negative controls were also employed. First, the negative control employed MDCK-RCA r cells expressing both proteins but instead of HAand FLAG-specific primary antibodies incubation with 10% (v/v) normal goat serum solution was applied. The rest of the protocol was not changed (Fig. 3, D, E, and G) . The second negative control involved MDCK-RCA r cells expressing 3ϫFLAG-Mgat only. During PLA with these cells anti-FLAG antibody was omitted ( Fig. 1B and Fig. 3G ). As an additional negative control, we considered cells that were not transfected with expression plasmids encoding UDP-sugar transporters because of limited efficiency of transient transfection and stained with the regular PLA protocol. These cells (Figs. 1C and 3, A-C), as well as the other negative controls examined, did not show any (or showed a significantly lower) signal. Table 1) . All analyzed eGFP-Mgats localized mainly to the Golgi apparatus. However, a significant pool could be assigned to the ER, obviously resulting from both the ongoing biosynthesis and Golgi to ER recycling of Mgat fusion proteins ( Fig. 4, A, D, G,  and J) . When co-expressed with eGFP-Mgats, both mRFP-NGT and mRFP-UGT1 localized predominantly to the Golgi apparatus ( Fig. 4, C and F) , whereas mRFP-UGT2 localized mainly to the ER (Fig. 4I ). Co-expression with mRFP-tagged NGT and UGT1 caused an indisputable increase in Golgi-localized eGFP-Mgat pools with concomitant diminution of the ER-derived signals (Fig. 4, D and G) . Upon co-expression with mRFP-UGT2 all eGFP-Mgats could be readily detected within the ER (Fig. 4J) , which was especially pronounced in the case of Mgat4B.
FLIM-FRET Analysis Demonstrates Extensive Interactions between Mgats and UDP-Sugar Transporters-HEK293T cells were transiently transfected with plasmids enabling expression of eGFP-Mgats and mRFP-UDP-sugar transporters (
In the FLIM-FRET approach, a reduction in the fluorescence lifetime () of the donor fluorophore in the presence of the acceptor fluorophore indicates interaction between analyzed fusion proteins (fluorescence lifetime of the donor fluorophore in the absence of the acceptor fluorophore is considered as a reference). Fig. 4 demonstrates mean lifetime of eGFP-tagged Mgat1 (Fig. 4B1 ), Mgat2 (Fig. 4B2 ), Mgat4B (Fig. 4B3) , and Mgat5 (Fig. 4B4 ) in the absence of an acceptor fluorophore. Co-expression of eGFP-tagged Mgats both with mRFP-NGT and mRFP-UGT1 resulted in a statistically significant reduction of GFP fluorescence lifetime. Interestingly, co-expression with mRFP-UGT2 shortened the GFP fluorescence lifetime only in the case of eGFP-Mgat4B. The other eGFP-Mgats did not show any reduction of GFP lifetime upon mRFP-UGT2 co-expression ( Fig. 4, E, H, and K) . Fig. 5 shows mean fluorescence lifetime of either eGFP-Mgat1 (Fig. 5A ), eGFP-Mgat2 (Fig.  5B ), eGFP-Mgat4B (Fig. 5C ), or eGFP-Mgat5 (Fig. 5D ) upon mRFP-NGT, mRFP-UGT1, or mRFP-UGT2 co-expression.
In all FRET-positive Mgat-UDP-sugar transporter combinations, a bi-exponential model was employed to analyze the data. This model allows two lifetime components to be distinguished: a longer one assumed to be equal to the value of the control measurements and resulting from the presence of a noninteracting donor fraction and a shorter one that corresponds to the donor fraction interacting with the acceptor. The data obtained for control measurements as well as for noninteracting proteins were analyzed using mono-exponential model.
Interestingly, average GFP lifetime was always shorter for UGT1-Mgats than for NGT-Mgats co-expression, except for Mgat5 simultaneous expression with these proteins (Fig. 5,  A-D) . Nonetheless, fluorescence lifetime of the interacting donor fraction ( short ) was always shorter for NGT-Mgats coexpression. The difference was observed because the fraction of UGT1 interacting with Mgats was significantly higher (ϳ50% of the donor usually occurs in close proximity to the acceptor) than for NGT (from 18 up to 39% of the donor interacts with the acceptor) ( Table 3 ). Three of twelve analyzed protein combinations did not result in a decrease in GFP fluorescence lifetime (eGFP-Mgat1/Mgat2/Mgat5 ϩ mRFP-UGT2). These combinations could be therefore considered as negative controls, additionally confirming positive results obtained in this experiment.
Mean FRET Efficiency May Reflect Putative Distances between Analyzed Proteins-Mean FRET efficiency is a value calculated from the equation: 1 Ϫ ( short / long ). This value corresponds to the distance between the donor and the acceptor. However, it is crucial to note that the calculated distance will refer to eGFP and mRFP rather than to investigated protein pairs. Moreover, because data on the NST structure is still missing, it is impossible to assign the exact position of the eGFPtagged N-terminal cytosolic stretches in the context of the entire molecule. That is why we decided not to calculate the exact distance between Mgats and UDP-sugar transporters. Nonetheless, based on the significant differences in mean FRET efficiency between investigated protein combinations, we attempted to estimate which Mgats are closer and which are further from examined NSTs, assuming that the longer the distance between two interacting fluorophores, the lower the mean FRET efficiency value (Table 4 and Fig. 5E ). We demonstrated that Mgat1 is in the close vicinity of both NGT and UGT1. The only Mgat that appears to directly interact with UGT2, namely Mgat4B, is at the same time the most distant from NGT. On the other hand, Mgat1 and Mgat4B are more proximally located toward UGT1 than Mgat2 and Mgat5. Interestingly, the distance between Mgats and UGT1 appears to be more variable compared with NGT. This may arise from a difference in the length of cytosolically exposed N-terminal stretches between these NSTs. The significantly longer N-terminal stretch of UGT1 (36 amino acids) most likely results in greater motility of the attached fluorophore compared with NGT (6 amino acids).
Mannoside Acetylglucosaminyltransferases and Nucleotide Sugar Transporters Form Heterooligomeric Complexes-According to the values corresponding to interacting fractions (f short ), Mgat1, Mgat2 and Mgat4B form approximately twice as many complexes with UGT1 as with NGT (Table 3) . It therefore appears that UGT1 associates with Mgats even to a greater extent than NGT. We can also observe a gradual increase of the NGT-interacting fraction from Mgat1 to Mgat5. The same is true for UGT1, except Mgat5, for which a slight decrease in the UGT1-interacting fraction occurs. This may mean that Mgat1 and Mgat2 are able to interact with a wider range of proteins than Mgat4B and Mgat5. Interestingly, co-expression of respective Mgats with NGT or UGT1 appears to increase Golgi-localized Mgat pools. Overall FLIM-FRET results strongly suggest that Golgi localization of enzymes acting late in the N-glycan branching pathway is more dependent on the association with NSTs compared with the early acting ones. This phenomenon could additionally account for the reduced N-glycan branching upon NGT knockdown (15) , because the expression of endogenous Mgats has been shown to decrease from Mgat1 to Mgat5 (41) . Therefore, one may assume that NGT deficiency would affect Golgi localization of Mgat4B and Mgat5 to a greater extent than of Mgat1 and Mgat2, possibly having more interacting partners able to retain them in the Golgi apparatus upon reduced NGT availability. Moreover, it is highly probable that NGT knockdown disrupts NGT/UGT complexes, resulting in a decrease of Golgi-localized UGT fraction, which could also contribute to mislocalization of Mgat4B and Mgat5. This would strongly suggest that the ability of UDP-sugar transporters to interact with Mgats plays an important role in regulation of the N-glycan branching pathway. PLA demonstrated that Mgat2/UGT2, Mgat4B/UGT2, and Mgat5/ UGT2 complexes are found exclusively in the ER of UGT-deficient MDCK-RCA r cells (Fig. 3 , panels C2-C4). Interestingly, according to FLIM-FRET results, Mgat1, Mgat2, and Mgat5 do not interact with UGT2 directly. We therefore assume that this phenomenon is mediated by an as yet unidentified endogenous protein. The most probable candidate is NGT, which interacts with all analyzed Mgats, and this interaction is detected both at the endogenous protein level and upon overexpression. Moreover, NGT undergoes similar UGT2-dependent relocation (Ref. 13 and our unpublished data). Somewhat different behavior is displayed by Mgat1, because a significant pool of Mgat1/ UGT2 complexes is detected in the Golgi apparatus ( Fig. 3C1 ). It has been reported that Mgat1 is involved in maintenance of proper Golgi structure and morphology (42) , which might possibly explain partial Golgi retention of Mgat1/UGT2 complexes. Interestingly, co-expression of Mgat4B with UGT1 and NGT in UGT-deficient MDCK-RCA r cells appears to relocate these Golgi-resident NSTs to the ER (Fig. 3A, panels 3 -5) . This phenomenon might be mediated by a di-lysine motif occurring at the C terminus of the Mgat4B amino acid sequence (KKAD), which may act as an ER retrieval signal. According to FLIM-FRET results obtained using the HEK293T cell line, an interaction between Mgat4B and UGT1, as well as NGT occurs mainly in the Golgi apparatus ( Fig. 4, panels E3 and H3) . Therefore, it appears that Mgat4B per se is retrieved to the ER and may require co-expression of all examined NSTs (NGT, UGT1, and UGT2) to achieve Golgi localization. Mgat4B is the only Mgat that appears to directly interact with UGT2 ( Figs. 4 and 5) , and mean FRET efficiency values suggest that this interaction is even closer than that with UGT1. Interestingly, this is the most NGT-distant Mgat (Fig. 5E ), which may in part explain inhibition of N-glycan branching caused by NGT knockdown (15) . We assume that in NGT-deficient cells endogenous Mgat4B preferentially interacts with UGT2, which enhances the intrinsic tendency of the former to be retrieved to the ER unlike other Mgats, which are retained in the Golgi apparatus because of a more favorable association with UGT1. Because complexes formed by all examined NSTs with Mgat4B appear less abundant compared with other Mgats (Fig. 3, panels A3, B3, and C3) , TABLE 3 it is highly probable that ER relocation of this enzyme would result in a significant reduction of N-glycan branching. Therefore, our findings may reveal a completely novel mechanism involved in the control of this physiologically relevant pathway.
In vivo FLIM-FRET analysis of interactions between UDP-sugar transporters and Mgats
Interestingly, a positive signal in in situ PLA experiments was also clearly visible for three FLIM-FRET-negative combinations (UGT2 ϩ Mgat1, Mgat2, or Mgat5). Because the FLIM-FRET approach detects interactions between proteins that are separated by a distance no longer than 10 nm, whereas PLA technique demonstrates protein interactions occurring up to 40 nm, it is possible to obtain positive results using PLA for FRET-negative combinations. This strongly suggests that the distances between UGT2 and Mgat1, Mgat2, and Mgat5 are in the range of 10 -40 nm. Therefore, combination of these two techniques is suitable to distinguish between proteins present in the same complex but not necessarily occurring next to each other.
Close proximity between UDP-N-acetylglucosamine-specific enzymes and UGT is surprising, because galactosyltransferase I appears to be absent from detergent-insoluble Mgat1containing complexes (43, 44) . Physical separation of galactosyltransferase I from Mgats is proposed to additionally support N-glycan branching, because Mgat4 and Mgat5 are unable to modify galactosylated acceptors (45, 46) . Therefore, possible involvement in galactosylation barely explains UGT association with Mgats. We hypothesize that UGT and NGT act as multitransmembrane tethers linking Mgats involved in consecutive glycosylation reactions, thus enabling lateral extension of such putative Golgi-located complexes. UGT and NGT have been reported to form homooligomers (12, 13) . Moreover, NGT has been shown to interact with UGT1 and UGT2, and both UGT splice variants associate as well (13) . On the other hand, homooligomerization was reported for Mgat1 and Mgat2 (35) , as well as Mgat5 (47) . Mgat1 interactions with ␣1,3-1,6 mannosidase II (48) and Mgat2 (49) have also been demonstrated. Although direct evidence for the co-existence of all these proteins within one complex is currently missing, their remarkable homo-and heterooligomerization capacity encouraged us to propose that Golgi membranes contain large multiprotein complexes composed of multiple distinct NSTs, glycosyltransferases, and other glycosylation-related proteins (Fig. 6 ). Because of presence of such complexes, N-glycan branching could be performed in a highly coordinated fashion, because glycosylated acceptors might be effectively and precisely channeled from one enzyme to another. Based on this idea, we predict that the nascent oligosaccharide structure would be dictated by the qualitative and quantitative composition of such multiprotein complexes.
It has been reported that medial Golgi glycosyltransferases exist within high molecular mass complexes (43) . These structures appear to exceed 1 MDa, but their exact molecular masses and composition have not been determined. Among proteins forming these extensive complexes, Mgat1 and Mgat2 have been identified. Slusarewicz et al. (44) isolated matrix linking adjacent cisternae of the medial Golgi compartment, which tightly binds Mgat1 and ␣1,3-1,6 mannosidase II. Interestingly, solubilization of these structures required high ionic strength (43, 44) . In this study we demonstrated that NGT, UGT1, and UGT2 might form these complexes as well. Importantly, we were able to co-immunoprecipitate NGT, UGT1, and UGT2 using a salt-free buffer only (13) . Buffers containing 150 mM NaCl reduced co-purification efficiency, whereas buffers containing 500 mM NaCl completely precluded co-immunoprecipitation (our unpublished data). This supports the idea that NGT and UGT are also constituents of high molecular mass complexes described by others (43, 44) .
Conclusions-In this study we identified 11 previously unrecognized heterooligomeric complexes formed between NSTs and glycosyltransferases, and we proved that they occur at the endogenous protein level as well. We demonstrated that UDPsugar transporters are able to interact with four distinct Mgats. Interestingly, these enzymes associate not only with functionally related NGT, but also with UGT, which is believed to be involved in the subsequent stage of glycosylation. We propose that NGT, UGT, and Mgats form large complexes in the Golgi membrane that could significantly facilitate biosynthesis of complex N-glycans. Although confirmation of this hypothesis requires further investigation, the discovery of the remarkable ability of NSTs to interact with each other and with distinct FIGURE 6. Schematic representation of complex formation between UDP-sugar transporters and Mgats. We hypothesize that in the ER UDP-sugar transporters recruit glycosyltransferase homodimers of one type at a time and accompany them on their way to the target Golgi compartment, where subsequent association of incoming NSTs brings distinct glycosyltransferase homodimers together, thus enabling a rearrangement that results in glycosyltransferase heterooligomerization. ER, endoplasmic reticulum; AG, Golgi apparatus.
glycosyltransferases may be a breakthrough in our understanding of glycosylation processes and their regulation. Moreover, because subcellular localization of Mgats appears to largely depend on close proximity to NSTs, these multitransmembrane proteins might be the key players in glycosylation of macromolecules.
